. Effects of chronic cardiac decentralization on functional properties of canine intracardiac neurons in vitro. Am J Physiol Regulatory Integrative Comp Physiol 281: R1474-R1482, 2001.-Although intrinsic cardiac neurons display ongoing activity after chronic interruption of extrinsic autonomic inputs to the heart, the effects of decentralization on individual neurons remain unknown. The objective of this study was to determine the effects of chronic (3-4 wk) surgical decentralization on intracellular properties of, and neurotransmission among, neurons contained within the canine intrinsic right atrial ganglionated plexus in vitro. Properties of neurons from decentralized hearts were compared with those of neurons from sham-operated hearts (controls). Two populations of neurons were identified by their firing behavior in response to intracellular current injection. Fiftynine percent of control neurons and 72% of decentralized neurons were phasic (discharged one action potential on excitation). Forty-one percent of control neurons and 27% of decentralized neurons were accommodating (multiple discharge with decrementing frequency). After chronic decentralization, input resistance of phasic neurons increased, whereas the duration of afterhyperpolarization of accommodating neurons decreased. Postsynaptic responses to interganglionic nerve stimulation were evoked in 89% of control neurons and 83% of decentralized neurons; the majority of these responses involved nicotinic receptors. These results show that, after chronic decentralization, intrinsic cardiac neurons 1) undergo changes in membrane properties that may lead to increased excitability while 2) maintaining synaptic neurotransmission within the intrinsic cardiac ganglionated plexus. neurocardiology; autonomic nervous system; nicotinic receptor; intracellular recording; right atrial ganglionated plexus CARDIAC FUNCTION IN MAMMALS is regulated by autonomic neurons located in the central nervous system, the intrathoracic ganglia, and the intracardiac nervous system. These neurons are organized into a hierarchical control system, with the neurons in the heart exerting local, beat-by-beat control over myocardial function (6). Afferent, local-circuit, and efferent intracardiac neurons are in turn organized into a complex intracardiac neuronal network extending throughout the atria and ventricles (3, 5, 6). These neurons display ongoing activity in the beating heart (8, 10-12, 16, 19, 20), and this activity can be modulated by inputs from extracardiac autonomic efferent neurons in the intrathoracic extracardiac ganglia (9, 13) and the central nervous system (16). Neurons in the intrinsic cardiac nervous system also receive inputs from sensory neurites in the atria and ventricles (4, 8, 10, 16, 18, 21) . These afferent inputs drive cardiocardiac reflexes localized within the intrinsic cardiac nervous system. Such short-loop intracardiac reflexes act in concert with longer-loop reflexes, relaying through neurons of extracardiac autonomic ganglia and in the central nervous system to regulate cardiac function (3, 6). The classical view of the role of intrinsic cardiac neurons as simple relays between vagal efferent preganglionic neurons and the myocardium has therefore been modified in the light of recent evidence indicating that intracardiac neurons are capable of operating with some degree of independence from extrinsic neuronal inputs (9).
nal network extending throughout the atria and ventricles (3, 5, 6) . These neurons display ongoing activity in the beating heart (8, 10-12, 16, 19, 20) , and this activity can be modulated by inputs from extracardiac autonomic efferent neurons in the intrathoracic extracardiac ganglia (9, 13) and the central nervous system (16) . Neurons in the intrinsic cardiac nervous system also receive inputs from sensory neurites in the atria and ventricles (4, 8, 10, 16, 18, 21) . These afferent inputs drive cardiocardiac reflexes localized within the intrinsic cardiac nervous system. Such short-loop intracardiac reflexes act in concert with longer-loop reflexes, relaying through neurons of extracardiac autonomic ganglia and in the central nervous system to regulate cardiac function (3, 6) . The classical view of the role of intrinsic cardiac neurons as simple relays between vagal efferent preganglionic neurons and the myocardium has therefore been modified in the light of recent evidence indicating that intracardiac neurons are capable of operating with some degree of independence from extrinsic neuronal inputs (9) .
Intrinsic cardiac neurons with intact extrinsic innervation display ongoing activity that may be correlated with, or independent of, cardiac and respiratory events (4, 8, 10-12, 16, 18-20) . Electrical stimulation of neurons within the intrinsic cardiac nervous system can evoke powerful inhibitory or augmentatory effects on cardiac chronotropy and isotropy (11) (12) (13) (19) (20) (21) . Acute cardiac decentralization, performed by surgically interrupting extrinsic nerve pathways to and from the heart, can depress but does not eliminate ongoing activity generated by intrinsic cardiac neurons in situ (8, 10, 12, 13, 16, 18) . In addition, the effects on regional cardiac function evoked by activating intracardiac efferent neurons with cholinergic or peptidergic agonists are profoundly obtunded in this state (11, 20) . However, after chronic (3-4 wk) decentralization, the level of activity generated by intrinsic cardiac neurons recovers to resemble that in intact hearts, and such activity is continuously modulated by inputs of intracardiac sensory origin (4) . Moreover, Priola and Spurgeon (24) showed that the ability of decentralized intrinsic cardiac efferent neurons to modulate cardiac function is restored differentially to separate regions of the heart with time after the decentralization procedure. In their study, local neural control of right atrial cardiodynamics was enhanced relative to that in the other cardiac chambers after chronic decentralization. These findings thus suggest that the intrinsic cardiac nervous system undergoes remodeling after decentralization. The nature of this remodeling is not known, but changes in either intrinsic membrane properties or patterns of synaptic connectivity, or both, within the intracardiac nervous system could contribute to this process. However, whereas data on the effects of decentralization on passive and active electrical properties of peripheral autonomic neurons in general are equivocal (14, 22) , evidence is accumulating that synaptic reorganization may occur within autonomic ganglia after interrupting their central neuronal inputs (see Ref. 27 for review).
The aims of this study were therefore, first, to determine the effects of chronic decentralization on the passive and active membrane properties of intrinsic cardiac neurons and, second, to determine whether decentralization altered the number of neurons responding to synaptic inputs or the characteristics of these responses. For this purpose, intracellular recordings were made from neurons of the canine right atrial ganglionated plexus (RAGP) in vitro 1 mo after all extracardiac afferent and efferent inputs were surgically interrupted; these results were compared with control recordings made from neurons of sham-operated hearts.
MATERIALS AND METHODS
Experiments were done on 21 mongrel dogs of both sexes, weighing 17-27 kg. All experimental procedures in this study conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Washington, DC: National Academy, 1996) and were approved by the Animal Care and Use Committees of East Tennessee State University and the University of South Alabama.
Chronic decentralization of the intracardiac nervous system. Twelve adult mongrel dogs of either sex were pretreated with the antibiotic cephazolin sodium (1 g im) and then anesthetized with pentobarbital sodium (30 mg/kg iv), supplemental doses being provided as needed to maintain a surgical level of anesthesia. The animals were provided positive pressure ventilation and a left T 4-T5 thoracotomy was performed under aseptic conditions. Decentralization of the intrinsic cardiac nervous system was achieved by dissection around the major intrapericardial vessels, as described previously (4). This dissection entailed severing all mediastinal cardiac nerves intrapericardially by stripping the adventitia from the common pulmonary artery and by dissecting between this artery and the ascending aorta. In addition, all adventitial tissue around the right pulmonary artery, to the level of its first bifurcation, was removed. The ventrolateral cardiac nerve was transected as it crossed the lateral edge of the left atrium. Tissue surrounding the left superior vein was also removed, and the superior vena cava was cleared of tissue where this vessel penetrated the pericardium. The azygous vein was doubly ligated and sectioned between the ligatures. All fatty tissue lying in the intrapericardial space between the superior vena cava and the ascending aorta superior to the right atrium was removed. To confirm that cardiac decentralization was complete, supramaximal stimulation of the right and left vagosympathetic complexes (5-ms duration, 10-V rectangular pulses at 20 Hz) and ansae subclavia (10 Hz) was performed before and after dissection. If changes in heart rate or atrioventricular conduction persisted during stimulation of these autonomic efferent nerves, further dissections were performed around the major vessels until all cardiac responses to vagal and sympathetic nerve stimulation were eliminated. Previous experience with this decentralization technique has demonstrated that the intrinsic cardiac ganglia under study [RAGP (32) ] are not damaged during the procedure, that these ganglia retain the capability for generation of spontaneous activity, and that this activity can be reflexly modified by stimulating intracardiac sensory neurites (4). After decentralization was completed, the thoracic cavity was closed and residual air withdrawn. Analgesic therapy (Buprenex, 0.2 mg im) was given postoperatively at 8-h intervals for 24 h and as needed thereafter. Antibiotic (cephalexin, 500 mg, 2ϫ daily) was administered orally for 7 days after the surgery. The animals were allowed to recover for 3-4 wk. Nine additional animals underwent the same surgical procedure with the exception that no intrapericardial dissections were performed, leaving the extrinsic innervation of the heart intact; these animals constituted the sham-operated control group. Postoperative care for control animals was identical to that of decentralized animals.
Experimental protocols. Three to four weeks after surgery, all animals in this study were reanesthetized with thiopental sodium (15 mg/kg iv), supplemental doses (5 mg/kg iv) being provided every 5-10 min throughout the surgery. The thorax was reopened, and the ansae subclavia and cervical vagi were exposed and stimulated with the same parameters used previously. In decentralized animals, this stimulation confirmed that reinnervation of the heart had not occurred; in the control group stimulation confirmed that extrinsic innervation of the heart remained intact. The pericardial sac was then opened, and the ventral RAGP and its associated epicardial fat deposit were removed, placed into a dissecting dish, and superfused with modified Krebs solution (in mM): 120 NaCl, 25 NaHCO 3, 1 NaH2PO4, 5 KCl, 2 MgCl2, 2.5 CaCl2, 11 D-glucose, pH 7.4, equilibrated with a gas mixture containing 95% O 2 and 5% CO2 at room temperature. Using a dissecting microscope, we trimmed away most of the fat and transferred the remaining tissue to a recording chamber (5 ml vol) where it was pinned to the silicone rubber chamber floor and superfused with modified Krebs solution (temperature 36°C, flow rate 5-10 ml/min). Total time between removal of tissue from the heart and placement in the recording chamber was ϳ2 min. The epicardial sheath was then removed, and underlying tissue was dissected to expose ganglia and interganglionic nerves. For intracellular recording, a selected ganglion was freed of most of its associated connective tissue and was mechanically stabilized with a small (0.2 ϫ 0.5 mm) metal platform mounted on a micropositioner.
Pipette electrodes made from standard borosilicate glass capillary tubing were drawn to fine tips on a micropipette puller (model P87, Sutter Instruments, Novato, CA). Electrodes had resistances of 50-80 M⍀ when filled with 3 M KCl. To locate and impale individual neurons for recording, electrodes were advanced through the ganglion sheath with a mechanical three-axis micromanipulator. Transmembrane potentials were recorded in current-clamp mode with an intracellular amplifier (model 1600, A-M Systems, Everett, WA). Before a ganglion was penetrated, microelectrode resistance was nulled with the amplifier's bridge-balancing cir-cuitry, and the amplifier offset and electrode tip potential were also nulled to establish the zero volt level relative to the bath reference electrode. The reference electrode consisted of a pipette containing 1% agar dissolved in 3 M KCl with its tip immersed in the bath solution, and it was connected to the amplifier by a silver wire coated with AgCl. Transmembrane potential was taken as the difference between the bath reference potential and the intracellular electrode potential. At the end of trials on each neuron, the electrode was withdrawn into the bath and the zero volt level was confirmed.
Neurons were activated intracellularly by direct injection of current through the recording electrode via voltage-tocurrent conversion circuitry in the amplifier, driven by rectangular pulses from a stimulator (model S-88, Grass Instrument, Quincy, MA). Plexus nerves connecting to ganglia under study were stimulated by two separate pairs of bipolar wire electrodes connected to both channels of a second stimulator operating through constant-current photoisolation units (Grass PSIU6). Nerve stimulus currents ranged from 10 A to 5 mA. Current and voltage waveforms were monitored on an oscilloscope during the experiments and were recorded in digital format on videotape (model 3000A, maximum analog frequency response 20 kHz; A. R. Vetter, Rebersberg, PA) for later analysis.
Data analysis. Selected portions of the recorded data were played back from the tape into a personal computer through an analog-to-digital converter (Digidata 1200, sampling frequency 333 kHz; Axon Instruments, Foster City, CA). These data were then analyzed with Axon Instruments pCLAMP6 software. Numerical data are presented as means Ϯ SE. Pairwise comparisons between means were done using Student's two-tailed t-test, with P Յ 0.05 for all comparisons.
RESULTS
Intracellular recordings were made from a total of 97 intrinsic cardiac neurons. Thirty-seven neurons were sampled from nine hearts with intact extrinsic cardiac innervation; data obtained from these neurons represent control data for this study. Sixty neurons were sampled from 12 hearts after chronic decentralization of the intrinsic cardiac nervous system. Decentralization was confirmed by the lack of cardiac responses to stimulation of vagus nerves and ansae subclavia before removal of atrial tissue for recording (data not shown).
Membrane properties and responses to intracellular stimulation. The membrane properties and active neuronal responses of control and decentralized neurons to stimuli delivered through the recording electrode are summarized in Table 1 . Neurons were divided into two groups, based on their action potential (AP) firing behavior in response to prolonged intracellular depolarizing currents delivered through the recording electrode ( Fig. 1) . Fifty-nine percent of neurons in the control group discharged only one AP in response to depolarizing stimuli (Table 1 ; Fig. 1Ai ). This type of firing behavior was designated as "phasic." The remainder of the neurons (41%) in the control group, when stimulated, discharged APs at a high initial rate that decremented with time (Table 1 ; Fig. 1Aii ). This type of firing behavior was designated as "accommodating." Mean resting membrane potentials in these two populations of neurons were similar (Table 1) , whereas mean whole cell resistance for accommodating neurons was twice the value for phasic neurons (Table  1 ). Yet, despite the difference in input resistance, the mean threshold voltage for AP generation was not significantly different in the two types of neurons (Table 1). Within the control group, mean AP duration and peak AP amplitude of accommodating neurons were significantly greater than the corresponding values of these variables in phasic neurons. In accommodating neurons, the duration of the afterhyperpolarizations (AHP) was nearly double that of phasic neurons (Table  1 ), but AHP amplitude was similar in both neuron types.
Both phasic and accommodating neurons were also found in ganglia obtained from decentralized preparations (Table 1, Fig. 1 , Bi and Bii). The majority (72%) of neurons sampled from decentralized hearts was phasic; this neuron type displayed a significantly smaller mean AP amplitude and shorter mean duration than Data are expressed as means Ϯ SE. Control, data from sham-operated animals; Decentralized, data from animals following chronic cardiac decentralization. Neurons were classified as phasic or accommodating depending on their firing behavior in response to long intracellular depolarizing pulses (see Fig. 1 ). * Mean value for accommodating neurons was significantly different from corresponding value for phasic neurons, within control and decentralized data sets; † mean value for a specific cell type after decentralization was significantly different from corresponding control value for same cell type (two-tailed Student's t-test, P Յ 0.05). AP, action potential; AHP, afterhyperpolarization; RMP, resting membrane potential; Rin, whole cell input resistance.
the corresponding values in accommodating neurons (Table 1) . However, mean whole cell input resistance and mean AHP duration were similar in phasic and accommodating neurons from decentralized hearts (Table 1) in contradistinction to the control condition. Thus the effects of decentralization on intrinsic properties of intracardiac neurons varied depending upon neuron type. With respect to phasic neurons, chronic decentralization of the intrinsic cardiac nervous system resulted in increased mean whole cell resistance and AHP amplitude, whereas resting membrane potential became more negative (Table 1 ). In accommodating neurons, mean AHP duration was reduced relative to that in control neurons (Table 1) .
Responses to stimulation of interganglionic connecting nerves. Synaptic inputs were detected in 89% of neurons sampled from control hearts and in 83% of neurons from decentralized hearts, indicating that there was no significant deficit in the proportion of neurons receiving synaptic inputs after decentralization. All postsynaptic responses to nerve stimulation observed in this study were depolarizing in nature; no hyperpolarizing responses were recorded. Examples of orthodromic responses to nerve stimulation are illustrated in Figs. 2-4 . At the threshold intensity of nerve stimulation, these neurons typically displayed a small excitatory postsynaptic potential (EPSP; Fig. 2 , second trace from top); graded increases in stimulus intensity then produced higher-amplitude EPSPs with multiple components, indicating summation of multiple synaptic inputs. In nine neurons from control hearts and 12 neurons from decentralized hearts, maximal nerve stimulation evoked EPSPs that did not reach threshold for AP generation (example shown in Fig. 4 ). Failure to generate synaptically evoked APs in these neurons was not, however, due to a general failure of regenerative responses in these cells, as intracellular stimulation evoked full APs. In the remaining neurons, the amplitude of the composite EPSP exceeded threshold for a regenerative response, and neurons discharged APs. Figure 3A shows that orthodromic responses of neurons derived from decentralized hearts were similar to those for neurons from control hearts (Fig. 2) . That such responses were synaptically mediated was confirmed in five cells each from decentralized and control hearts by the elimination of stimulus-evoked EPSPs and APs upon switching to a modified perfusate containing 0 Ca 2ϩ and 10 mM Mg 2ϩ (bottom traces, Figs.  2 and 3A) .
In addition to receiving multiple synaptic inputs from axons in a single interganglionic nerve, some neurons from both control and decentralized hearts could be activated when axons coursing in at least two interganglionic nerves were stimulated. In some instances, maximal stimulation of either nerve alone produced subthreshold EPSPs (Fig. 4A , from decentralized heart), and concurrent stimulation of both nerves was still insufficient to evoke an AP. In other cases, concurrent stimulation of two nerves was sufficient to evoke APs (data not shown). It is likely that some intracardiac neurons received inputs from more than two interganglionic nerves, but this was not directly evaluated in this study.
Antidromically mediated responses were also recorded in neurons from both control and decentralized hearts. These responses were characterized by the abrupt appearance of an AP without a preceding EPSP (Fig. 3B , example from decentralized heart). Furthermore, these responses were not blocked in 0-Ca 2ϩ , high-Mg 2ϩ perfusate (Fig. 3B) . Antidromic responses were also capable of following high-frequency nerve stimulation, producing APs at stimulus frequencies of Ͼ100 Hz (data not shown).
Effects of hexamethonium on synaptic responses. Most postsynaptic responses to nerve stimulation (28 of 31 neurons tested in control and decentralized hearts) were eliminated when exposed to the nicotinic antagonist hexamethonium (100 M in perfusate for 5 min; Figs. 2 and 3A) . However, in three neurons (1 from control heart, 2 from decentralized hearts) stimulus-induced depolarizations were blunted but not completely eliminated by hexamethonium (example from decentralized heart shown in Fig. 4B ). These responses persisted in concentrations of hexamethonium as high as 500 M for up to 15 min (data not shown). The doses of hexamethonium used in this study did not affect resting membrane potentials, responses to direct intracellular stimulation, or antidromically evoked responses.
DISCUSSION
The results of this study demonstrate that intrinsic cardiac neurons remain active after chronic removal of inputs from extrinsic cardiac neurons in the thorax and the central nervous system. Synaptic communication between neurons in the intracardiac nervous system was also maintained after chronic decentralization, such interconnections being mediated by neurotransmission involving both nicotinic and nonnicotinic receptors. Because no evidence for "pacemaker-like" activity has been reported for neurons within mammalian intrinsic cardiac ganglia, ongoing activity within this nervous system in vivo after decentralization is thus likely to be dependent on synaptic interactions within the ganglionated plexus, generated by afferent feedback of local intracardiac origin (3, 4, 6, 9) .
Changes in membrane properties of intrinsic cardiac neurons after decentralization. Intrinsic cardiac neurons can be grouped according to their firing behavior in response to depolarizing current pulses. Potentially, such firing patterns may identify specific subpopulations of intrinsic cardiac neurons that have distinct functional roles in cardiac control, e.g., local circuit, afferent, or efferent neurons (3, 7) . Neurons from intact and decentralized hearts were categorized into two broad categories according to their responses to prolonged intracellular current injection: 1) those that discharge phasically and 2) those that display spike frequency accommodation (Fig. 1, Table 1 ). The relative proportion of phasic to accommodating neurons was greater in both control and decentralized hearts (Table 1 ). Although this difference Fig. 2 . Excitatory postsynaptic responses of neuron from control heart to single-pulse stimulation of interganglionic connecting nerve (S, arrow; rectangular pulse, 0.5-ms duration, stimulus intensity indicated in A to left of traces). Graded increases in stimulus intensity (from top down) produced postsynaptic depolarizations of graded amplitude; an AP was generated when depolarization exceeded firing threshold (5th trace from top). Resting membrane potential is indicated at left of this trace. The bottom 2 traces show that hexamethonium (HEX, 100 M in perfusate for 5 min) and a modified perfusate containing 0 mM Ca 2ϩ and 10 mM Mg 2ϩ (low Ca, high Mg) eliminated responses to nerve stimulation. In all traces, the initial rapid deflection from baseline is a stimulus artifact. Vertical bar represents 10 mV; horizontal bar represents 5 ms.
in proportion could reflect sampling bias due to the limited number of neurons evaluated, this seems unlikely because neurons were sampled from the same sites in each group, and the mean number of neurons sampled per preparation was similar in both groups (control, 4.1 neurons per preparation; decentralized, 5 neurons per preparation). A possible explanation for the shift in firing pattern may be that chronic decentralization results in a differential decrease in the number of accommodating neurons secondary to loss of extracardiac neuronal inputs. Alternatively, neurons that previously displayed accommodating firing behavior may have been converted to fire phasically after chronic decentralization of the intrinsic cardiac nervous system. In either case, this change could reflect alterations in trophic processes and/or reorganization of synaptic interconnections within the intrinsic cardiac ganglionated plexus. Neurons with phasic and accommodating firing behavior have been previously reported not only in the mammalian intrinsic cardiac nervous system, but also in other parts of the peripheral autonomic nervous system (see Ref. 1 for summary). Xi and coworkers (28, 29) described "S-cells" in the canine heart with a discharge pattern resembling that of phasic neurons in the present study, as well as "tonic" or "R-cells" displaying spike-frequency accommodation. These different types of neurons have also been identified in pig and guinea pig hearts (2, 25, 26) . The functional significance of these firing patterns relative to overall cardiac control remains to be determined.
The mean values of membrane properties, regenerative responses, and AHP properties of intrinsic cardiac neurons from control hearts in the present study fell within the ranges of values previously reported for neurons in intact canine (12, 28, 29) , porcine (25, 26) , and rodent (15, 17, 30) hearts, as well as being similar to values for other autonomic neurons (1) . In the present study, chronic decentralization exerted differential effects on the electrical properties of intrinsic cardiac neurons. Comparing control and decentralized groups, we found no difference in mean values of resting membrane potential in accommodating neurons. Yet the mean resting potential of phasic neurons sampled from decentralized hearts was significantly more negative than that of phasic neurons from control hearts. Although this difference was relatively small (4 mV), it may represent an important difference when translated to the whole population of phasic neurons in decentralized hearts. For instance, a hyperpolarization of 4 mV, if consistent across this neuronal population, could selectively depress the excitability of these neurons by increasing the amount of depolarization necessary to bring membrane potential to firing threshold. This in turn could help maintain stability within this neuronal population as it functions without benefit of extracardiac inputs.
In the present study, mean values for whole cell resistance of neurons from control hearts fell within the range of values reported for normal mammalian intrinsic cardiac neurons (12, 15, 17, 25, 26, 29, 30) . Accommodating neurons from control hearts had a mean whole cell resistance value that was twice that of phasic neurons in this group. Whole cell resistance is the inverse of overall membrane ionic conductance. Therefore, a difference in resistance between these groups of neurons implies a corresponding difference in conductance in the opposite direction. Differences in whole cell resistance between the two neuron types would thus suggest that different transmembrane current flows are required to produce comparable displacements of membrane potential. This measure may therefore serve as an approximate index of neuronal excitability. Accordingly, cells exhibiting higher resistances would require less current flow to reach threshold for AP generation and may potentially be more excitable than cells with lower resistances. This is consistent with the finding that accommodating neurons in neurally intact hearts have a higher resistance than phasic neurons. After chronic decentralization, mean resistance of phasic neurons was significantly greater than the resistance of this type of neuron in control hearts. In fact, after decentralization, the resistance of phasic cells increased to nearly the same value as that of accommodating neurons. On the other hand, decentralization exerted no significant effects on the resistance exhibited by accommodating neurons. These results suggest that chronic decentralization of the intrinsic cardiac nervous system induces differential effects on membrane conductances of different populations of neurons by decreasing overall ion conductance of phasic neurons while minimally affecting conductance of accommodating neurons.
The mean amplitude and duration of APs in accommodating neurons obtained from control and decentralized hearts were significantly greater than the corresponding values of phasic neurons in both groups. The importance of these differences to the function of the intrinsic cardiac nervous system is not clear. However, regarding the characteristics of AHP potentials, decentralization produced an increase in AHP amplitude in phasic neurons compared with that of control neurons. As suggested above for whole cell resistance, decentralization may affect membrane conductances of phasic intrinsic cardiac neurons, some of which may be responsible for the time course of the AHP. The mean duration of AHPs in accommodating neurons was significantly greater than that of phasic neurons derived from control hearts. In contradistinction to its effect on AHP amplitude, decentralization reduced AHP duration in accommodating neurons to values similar to those of phasic neurons. The observation that AHP duration was greater in neurons with higher intrinsic firing frequencies extends and confirms observations derived from porcine (25) and guinea pig (15) intrinsic cardiac neurons. The physiological significance of this is not apparent, but these findings together with the results of the present study suggest that there may be no direct relationship between AHP duration and firing behavior in intrinsic cardiac neurons. This is contrary to the contention of Adams and Harper (1) that firing rate in autonomic neurons may be set at least partly by AHP duration. Data from the present study indicate that some membrane electrical properties of intrinsic cardiac neurons can change after chronic decentralization. These changes include: 1) increases in resistance of phasic neurons, possibly leading to an increase in excitability of this neuronal type; 2) a reduction in AHP duration in accommodating neurons; and 3) a hyperpolarizing shift in resting membrane potential in phasic neurons, an effect that could modify the efficacy of intraganglionic neuromodulatory mechanisms.
Synaptic integration within the intrinsic cardiac nervous system. Based on the classical view that intrinsic cardiac ganglia function solely as relay stations for vagal preganglionic commands to the myocardium, it follows that chronic decentralization of the intrinsic cardiac nervous system should eliminate all synaptic inputs to intrinsic cardiac neurons. This proved not to be the case. The proportion of neurons displaying postsynaptic depolarizing responses to interganglionic nerve stimulation in control hearts was 89%; this proportion was unchanged after chronic decentralization (83%). These values are higher than the proportions of intrinsic cardiac neurons reported to receive synaptic inputs in previous studies [canine heart, 70% (31); porcine heart, 47% (26)]. In the present study, the actual number of synaptic inputs to individual neurons is likely to have been underestimated because many sampled neurons received inputs from axons in multiple interganglionic nerves; in our experiments, we were able to evaluate at most two input pathways to individual neurons. The finding that decentralized neurons did not show a significant deficit in the number of functional synaptic inputs suggests that 1) a large fraction of the inputs to neurons in control hearts must have originated from sources within the heart that were not affected by decentralization, or 2) new inputs arose as a consequence of axonal sprouting from other intrinsic cardiac neurons, or 3) both of these may obtain.
Unitary synaptic inputs (single fast EPSPs suprathreshold for AP generation) elicited by local nerve stimulation have been observed in guinea pig intrinsic cardiac neurons (15) . Such unitary inputs were not identified in the present study or in other studies of canine (29) or porcine (25, 26) intrinsic cardiac neurons. Neurons from both control and decentralized hearts received multiple subthreshold synaptic inputs from axons in one (Figs. 2 and 3 ) or more (Fig. 4) interganglionic nerves, as discussed above, and summation of fast EPSPs from several axon terminals was required to exceed threshold for AP generation. This finding suggests that integration of multiple inputs at the level of single neurons is an important component of ganglionic transmission in both normally innervated and decentralized hearts. That these inputs were orthodromically mediated was confirmed by blockade of synaptic activity by the application of a perfusate containing no calcium and 10 mM magnesium.
Most synaptic inputs to neurons from control and decentralized hearts were mediated by fast nicotinic cholinergic neurotransmission, as indicated by the effect of hexamethonium blockade on postsynaptic responses elicited by electrical stimulation of interganglionic nerves. For animals with intact extrinsic cardiac innervation, these data confirm previous results (29, 31) . One neuron from a control heart and two neurons from decentralized hearts had postsynaptic depolarizing responses that were not eliminated by hexamethonium, even at doses up to five times greater than that required to block all other responses to nerve stimulation in the ganglia under study. These neuronal responses were presumably mediated via nonnicotinic postsynaptic receptors. This supports the finding in the in situ canine intracardiac nervous system that, although hexamethonium may decrease the overall level of neuronal activity, this agent does not abolish the reflex modulation of such activity evoked by stimulation of intrinsic cardiac afferent neurons (20) . Nonnicotinic neurotransmission has also been reported in studies of pig intracardiac neurons (25, 26) . However, the precise roles of nicotinic and nonnicotinic synaptic mechanisms in regulation of overall activity within the intrinsic cardiac nervous system remain to be determined.
Perspectives
Taken together, these data demonstrate that intracardiac neurons can survive the chronic removal of all their extracardiac neuronal inputs. Some electrophysiological properties displayed by intrinsic cardiac neurons become modified after chronic decentralization. Furthermore, intrinsic cardiac neurons retain their capacity for synaptic interactions when chronically disconnected from other intrathoracic and central neurons. In conjunction with previous results indicating the maintenance of functional intracardiac reflex loops after chronic cardiac decentralization (4), the present study indicates that neural substrates for local reflex control of cardiodynamics can operate independently of inputs from the central nervous system. One consequence of the existence of a higher proportion of phasic than accommodating neurons in both neurally intact and decentralized hearts could be that the maximum frequency of transmission of APs within the intracardiac nervous system is limited. That is, the average firing rate of the whole population of intrinsic cardiac neurons will be relatively low no matter how strong the incoming presynaptic drive, whether of extra-or intracardiac origin. This is supported by the finding in in vivo experiments that even very high frequency stimulation of extrinsic cardiac nerves evokes few APs from intrinsic cardiac neurons (16) . In contrast to the relatively high proportion of phasic intracardiac neurons reported here, Mendelowitz (23) reported that the majority of vagal preganglionic neurons projecting to the heart from the medulla display high-frequency discharge rates when stimulated intracellularly. Moreover, Smith (25) reported that, in the pig heart, the majority of neurons receiving synaptic inputs from the vagus nerve were phasic. Taken together, these data suggest that phasic neurons receiving vagal preganglionic inputs may act as low-pass filters in hearts with intact innervation. The intrinsic cardiac nervous system would therefore exert a smoothing and limiting function to mitigate potential imbalances in neural control of the heart arising from excessive vagal drive or in response to acute pathophysiological events such as myocardial ischemia (3, 7) . We have shown here that chronic decentralization of the intrinsic cardiac ner-vous system apparently increased the proportion of phasic to tonic neurons, and such remodeling could thus impose an even lower limit on the maximum frequency of neurotransmission within the intrinsic cardiac nervous system. Therefore, in situations where autonomic inputs to the heart become disrupted, the potential for alterations in neuronal properties shown in the present study may have important consequences for adaptive information processing within the intrinsic cardiac nervous system in the coordination of regional cardiac function.
